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As a passive energy dissipation device, the Tuned Liquid Damper (TLD) has found an 
increasingly wide utilization in reducing the dynamic response of elastic Supporting Structural 
Platform (SSP) under external excitations, especially for the low-frequency vibrations close to the 
first mode, and therefore an improved structural safety [1, 2]. Different from the active or 
semi-active dampers, passive devices such as TLD have the advantages of relatively lower 
maintenance requirements, easier installation and zero external energy input. As a consequence, 
TLDs have attracted much attention from the researchers working on vibrations damping of the 
slender buildings [3], offshore structures e.g. SSPs [4] and so on. 
The liquid with free surface in the tank contributes to the internal damping through induced  
sloshing which will generate a hydrodynamic force in the opposite direction to the vibration [5]. 
Generally, the vibrational damages mainly arise from low-frequency resonance and tuning the 
natural frequency of liquid to that of the structure is important for optimizing the design of SSPs 
[6-7]. With the increase of oscillation frequency and amplitude, three-dimensional (3D) effects 
will result in nonlinear behavior of elastic structures and sloshing waves that simplified analytical 
models cannot predict accurately. Therefore, an accurate description of the free surface flow 
behavior is needed to understand the sloshing problems. To this end, an empirical parameterization 
of wave front slope angle was proposed in [8] in order to predict both the first and second 
breakpoints for regular waves breaking over sloping and barred beaches, and the wave-wave 
nonlinear interactions using the wavelet-based bicoherence was studied experimentally in [9].  
Liquid boundary layer friction, wave breaking and free surface deformation due to sloshing 
in the tank are the main nonlinear mechanisms of the TLD to reduce the responses of the structure 
[10]. The change of the sloshing liquid frequency resulting from the nonlinear phenomenon and 
the shear force between TLD and structure could also be affected by wave motions. To accurately 
predict the sloshing wave interaction with structures, a 3D turbulent numerical model was 
developed to investigate the effects of different baffles on reducing violent liquid sloshing wave 
by using the virtual boundary force (VBF) method and volume of fluid (VOF) method [11-12]. 
Moreover, a liquid sloshing test rig driven by a wave-maker to study liquid sloshing in a 
rectangular tank with perforated baffles was used in [13-14]. The linear and nonlinear models for 
predicting the damper performance were compared in [15], and effectiveness of vibration 
suppression systems with tuned mass immerged in the sloshing liquid was shown in [16].  
In [17], the pitch motion mitigation of floating substructures using a multilayer TLD was 
proposed. Similarly, multi-TLD blocks were employed to maximize the damping effects in [18]. 
However, those work did not focus on the relationship between motion phase and energy 
conversion, and furthermore, the control device used in the same tanks would limit the frequency 
of vibration reduction [19]. 
    To further explore the suppressing mechanism of TLD for coupled TLD-SSP system with 
external excitations, several experimental and numerical investigations have been carried out 
[20-22]. In addition, a real-time hybrid testing method has been developed to evaluate the 
acceleration of the model under dynamically excited motions [23]. An experimental study which 
considered dynamic loads of different directions was performed on a prototype structure, and the 
results for different damping ratios and vibration amplitudes of different excitation modes were 
presented [24]. A new type of TLD with triangle bars installed at the bottom of container for 
 
 
controlling the structural oscillation was proposed in [25], in which an enhanced damping ratio by 
40-70% was observed. A conventional TLD with addition of a floating roof was presented in [26], 
which reveals that the appearance of floating roof can suppresse wave breaking and this in turn 
will make the numerical modelling much simpler.  
Even though substantial progress has been made in numerical methods for modelling 
fluid-structure interaction (FSI), the computational costs are still too high for them to be applied 
for the simulation of the complex coupled systems and high-fidelity 3D FSI simulations fully 
validated by the experiments are still rare. Instead of one-way FSI simulations [27], a two-way 
coupled Reynolds-Averaged Navier–Stokes (RANS) method was developed to simulate the 
pipe-in-pipe concept to reduce vortex-induced vibrations by a finite element model [28]. 
Low-fidelity and high-fidelity aeroelastic results based on a coupled extended blade-element 
momentum model and CFD-CSD coupled solver was compared in [29]. An analytical model was 
compared with the Finite Volume Method-Finite Element Method (FVM-FEM) through applying 
FVM and FEM to calculate fluid and solid domains respectively [30], which was later applied to 
investigate the damping performance of TLD with real-time hybrid simulation and verified by the 
numerical method [31]. 
In order to simulate the motions of the internal free surfaces, smoothed particle 
hydrodynamics (SPH) method, which adopted Lagrangian formulation, has been developed and 
widely utilized in engineering predictions [32-33]. A verified multi-liquid MPS program including 
buoyancy-correction and surface-tension models was applied to consider various nonlinear 
features [34], such as internal wave breaking and particle detachment. Each mode is characterized 
by two eigen frequencies by Lagrangian variational approach from the potential formulation of the 
fluid motion [35]. 
An effective FSI numerical model based on FVM/FEM was proposed in this study to 
investigate the interactions between TLD and elastic SSP. Meanwhile, a physical model of the 
coupled TLD-SSP system was also designed and built. Laboratory experiments were conducted 
not only to validate the numerical model, but also to observe some important physical phenomena. 
The proposed 3D numerical model was firstly validated against with the present experimental data 
by developing a 3D elastic SSP and TLD coupling system. Effects of TLD on suppressing the 
nonlinear vibration of SSP were investigated by varying TLD/SSP mass ratio and tuned frequency 
ratio to explore the coupling mechanism between TLD and SSP in terms of energy damping. The 
optimal values of the mass and frequency ratios for the coupled TLD-SSP system were proposed 
in order to achieve the minimum vibration of the platform caused by external loads.  
The remaining of the paper is organized as follows. The physical model tests are introduced 
briefly in Sect. 2 and a two-way coupled model for simulating TLD interaction with elastic SSP is 
presented in Sect. 3. In Sect. 4, the validation of the numerical model is performed by comparing 
with the results from the laboratory experiments and in Sect. 5, the damping effects under different 
mass ratios and tuned frequency ratios between TLD and SSP are investigsted. Finally, some 
important conclusions from the current work are drawn in Sect. 6. 
 
2. Physical model 
To date, there have been very few experimental studies conducted on TLD-SSP interactions 
and  a physical model of the coupled TLD-SSP system is introduced in the current work. A 
bottom plate with a dimension of 500×500×5 mm was fixed to a six degree of freedom (DOF) 
 
 
motion simulation platform, also known as hexapod system, by four screws at each corner. As a 
connection plane, a roof plate with a dimension of 600×600×5 mm was utilized to link the tank by 
screws. Four columns with 4.8×50×1000 mm dimensions were welded to the top and bottom 
plates, the columns are initially vertical to the ground and the whole model is shown in Fig. 1. For 
evaluating the effectiveness of TLD in suppressing structure vibration, a perspex rectangular tank 
with a dimension of 510×150×470 mm is designed as shown in Fig. 2, which was partially filled 
by liquid (water) of depth D. The schematic view of a single degree-of-freedom structure coupled 
to a TLD is presented in Fig. 3. Based on the linear wave theory,  the first standing wave angular 
frequency of the water in rectangular tank can be evaluated by the following equation, 






                           (1) 
where L, D and g are the width of the tank, depth of the liquid and the local gravitational 
acceleration, respectively. Wave gauges were installed at 2cm from the side walls of the tank to 
monitor the free surface elevation. A high resolution laser displacement sensor was also used to 
record the horizontal vibrational displacement of the roof plate. The angular frequency of the 
simplified spring-structure system can be calculated by the following formula, 
     𝜔𝑆 = √
𝐾𝑆
𝑀𝑆
                                   (2) 
where 𝐾s  and 𝑀s are the stiffness and mass of the structure， respectively. Generally, the 
resonance frequency of the TLD-SSP coupled system is between the natural frequencies of 
liquid-tank and elastic supporting structural platform. 
  




Fig. 2. Sketch of 3D rectangular liquid tank of the TLD. 
  
Fig. 3. Equivalent single degree-of-freedom structure coupled to TLD. 
 
3. Two-way coupling numerical model 
Harmonic sinusoidal motions were generated by the six DOF motion simulator with a  
horizontal excitation applied on the bottom plate, which lead to the structural vibration of the 
system. In order to investigate the influence of certain parameters on TLD performance, a coupled 
numerical model to simulate the TLD-SSP system was constructed. Obviously, the external 
excitation applied to the bottom plate will cause the oscillation, through supporting structure, of 
the container located on top of the roof plate. Meanwhile, the liquid will move in the container, 
and the resulting sloshing force, in turn, will cause the support structure to deform. So, it is a 
complicated system to simulate  as not only the free surface flow inside the container and 
structural deformation should be solved accurately but also the interaction between them needs to 
be considered at the same time. Therefore, in this study, an FSI model has been developed based 
on ANSYS Workbench to perform the transient performance analysis. The model is divided into a 
fluid field and a corresponding solid field, which are solved by Fluent and Mechanical solver 
respectively and coupled in a two-way iterative manner. 
 
3.1 Fluid domain solver 
 
 
For incompressible viscous flow with the surface tension between different phases included, 
the governing equations including conservation of mass and momentum for the fluid domain can 
be written as: 
𝜕𝜌
𝜕𝑡
+ ∇(𝜌𝒗) = 0                                      (3) 
𝜕
𝜕𝑡
(𝜌𝝂) + ∇(𝝆𝒗𝒗) = ∇𝝉 + 𝑭                         (4) 
where ρ is the density; 𝒗 the fluid velocity vector; 𝑭 the body force vector; τ the stress tensor 
and can be described as 




(∇𝜈 + ∇𝜈T)                                   (6) 
where 𝑝 is fluid pressure; 𝜇 is the liquid kinetic viscosity; 𝒆 is velocity stress tensor. The 
inhomogeneous free surface model was selected in the current work which allows one phase to 
enter into another phase. The surface tension 𝑭1,2 is expressed as 
𝑭1,2 = (−𝜎1,2𝑘1,2𝒏1,2 + ∇𝑆 ∙ 𝜎1,2)𝑨1,2                  (7) 
where 𝜎1,2, 𝑘1,2, 𝒏1,2 and ∇𝑆 are the surface tension coefficient, surface curvature, interface 
unit normal vector pointing from liquid to air and the gradient operator on the interface, 
respectively. 
The computational domain of fluid is discretized and solved by FVM and the unstructured 
grid was employed to simulate the free surface flow inside the container. Dynamic mesh was 
adopted to transfer structural displacement, and SIMPLE method was utilized to solve the 
pressure-velocity coupling. Second-order central-difference scheme was adopted for the 
convection term, and the VOF method was adopted to track the free surface. In all the cases, the 
flow turbulence was simulated with Large Eddy Simulation (LES) and the Sub-Grid Scale model 
(SGS) stress is described as 
𝜏𝑖𝑗 = 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ − 𝑢?̅?𝑢?̅?                              (8) 
in which, 𝑢?̅? and 𝑢?̅? are velocity field component after filtering. Due to the stress in the large 
eddy simulation governing equation is unknown, the expression of stress must be constructed by 
the relevant physical quantities. The earliest model was proposed in [36] and improved by many 




𝜏𝑘𝑘𝛿𝑖𝑗 − 2𝜇𝑡𝑆?̅?𝑗                      (9) 
𝜇𝑡 = 𝜌𝐿𝑆










)                           (11) 
𝐿𝑆 = 𝑚𝑖𝑛(𝐾𝑑, 𝐶𝑆𝑉
1/3)                       (12) 
where 𝜇𝑡 is the SGS turbulent viscosity; K is the Karman constant; d is the nearest distance from 
the element to the wall; V is the volume of computing unit; 𝐶𝑆 is the Smagorinsky constant; 𝐿𝑆 
is the mixed length of SGS.  
 
3.2 Solid domain solver 
The solid domain contains a steel structure and a rectangular tank and relative displacements 
of tank and roof plate in the tangential and normal directions are constrained. One degree of 
horizontal sinusoidal excitation was applied to the bottom plate of the solid domain and the 
 
 
incremental finite element equilibrium equations used is 
[𝑀𝑆]{?̈?} + [𝐶𝑆]{?̇?} + [𝐾𝑆]{𝑞} = {𝐹(𝑡)}                  (13) 
where [𝑀𝑆], [𝐶𝑆] and [𝐾𝑆] are the constant matrix of mass, damping and stiffness respectively; 
{?̈?} is the cross-flow acceleration vector, {?̇?} is the cross-flow velocity vector, {𝑞} is the 
cross-flow displacement vector; {𝐹(𝑡)} is the applied load vector at time t. The material of the 
structure used in the calculation is 304 stainless steel with a density and Young's modulus of 7930 
kg/m3 and 2×1011 Pa, respectively. The tank material was made of plexiglass with a density of 
1190 kg/m3, and considered to be a rigid tank. 
 
3.3 FSI modeling  
The fluid pressure and structural deformation are transferred on the inner walls of the tank 
which defined as FSI boundaries. After transient fluid and solid domains are analyzed by CFD and 
FEM respectively, the system coupling solver will be utilized to transfer data between the two 
domains at each time step as shown in Fig. 4. 
 
Fig. 4. Diagram of two-way fluid-solid coupling solution. 
At the coupling interfaces between the fluid and the solid, the fundamental kinematic 




                          (14) 
 𝜏𝑓 and 𝜏𝑠 are the stress of the fluid and the solid, respectively. 𝑛𝑓 and 𝑛𝑠 are the unit 
direction vector of the fluid and the solid, respectively. 𝑑𝑓 and 𝑑𝑠 are the displacement of the 
fluid and the solid, respectively. 
The interior walls of the tank and the boundaries of the fluid domain were defined as FSI 
boundaries to transfer the data of loads and deformations, in order to reduce the errors resulted 
from interpolating exchange on them, the grids on FSI faces were set as the same size. In the 
coupling solution, the time step was selected as 0.005s which is the coincident time both in fluid 
 
 
and solid domain. Five coupling interactions with twenty-five max iterations in fluid for each 
coupling step were utilized for guaranteeing the accuracy of solutions. Only when the fluid field 
and the solid field converge at the same time step, or reach the maximum number of iterations, the 
coupling system will proceed to the next step of calculation. 
 
4. Numerical model validation 
For the validation of solid domain, the constituted FE model of the structure was used for 
acquiring natural frequencies in modal module firstly. In Table 1, the natural frequency of the 
elastic SSP whether connected with TLD are presented numerically and experimentally. Obviously, 
𝜔𝑆 decreased as the tank connected on the top plate because of the total mass 𝑀s increased, the 
modal analysis calculated by FE method matches well with the first resonance frequency by 
experimental sweep frequency tests. Besides, the first three mode shapes are presented in Fig. 4, 
as is shown, the first and third resonance mode is horizontal motion along the x-axis and y-axis 
respectively, in which the colour represents the total deformation. In the study, the second and 
third resonance is 12.08 Hz and 17.94 Hz respectively, so the influence of other vibration modes 
was neglected. 
 





SSP 2.53 2.50 1.20% 
TLD-SSP coupling 
system 
2.01 1.98 1.52% 
 
Fig. 4. First three mode shapes obtained numerically. 
After validating the solid part, as shown in Fig. 1, the physical model of TLD-SSP system 
was constructed in the Laboratory of Vibration Test and Liquid Sloshing at Hohai University, 
China, and the level of water in the TLD was 178.5mm which is 35% of the tank length L. The 
maximum and average displacements of the roof versus external excitation frequencies 𝑓𝑒 
ranging from 0.5Hz to 2.5 Hz under horizonal sinusoidal excitation amplitude of 3 mm are 
presented in Fig. 6. It can been seen that the natural frequency of TLD-SSP system is located as 
1.90 Hz. According to the natural frequency of the bare structure, the resonant frequency of 
 
 
TLD-SSP (dash-dotted line) reduced from 2.53 Hz to 1.90 Hz indicating the rate of first resonance 
frequency reduction was 24.9%, and the maximum displacement decreased by 62.45%, compared 
with bare structure. The shift of first resonance frequency is caused by the increased mass of tank 
and water and has been reported in previous work [24]. It is noted that, the total mass 𝑀s 
increased after TLD installation onto the structure and the natural frequency reduced, however, a 
second peak appears at a low frequency between 0.8 Hz to 1.1 Hz which indicates vibration 
suppressing capability was negatively affected. The reason for this is that when the external 
excitation frequency approaches to that of liquid, it strengthens the sloshing waves in the tank and 
therefore increases the shear force acting on the structure.  
As can be seen in Fig. 6, spectral peak frequency corresponding to the sub-peak amplitude 
value is 1.0145 Hz, which indicates that 𝜔𝐹 deviated from its natural frequency 1.1 Hz (dashed 
line) calculated from linear wave theory. According to effects of filling levels on natural frequency, 
for D/L=0.35, the offset is -5% [39]. Fig.6 also depicts the free surface profiles when structural 
response reaches the maximum value for 𝑓𝑒= 1.0 Hz, 1.1 Hz and 1.9 Hz. The damper can absorb 
the energy transferred from the structural motion and release the energy through shear force to 
restrain the vibration conversely. On one hand, most of the energy acts on the structure in the form 
of shear force provided by viscous force and pressure variation. On the other hand, a portion of the 
energy is lost by internal fluid interaction through the creation of vorticity and formation of wave 
breaking. The wave profiles in Fig.6 show that, at the first resonance frequency, violent wave 
breaking due to sloshing occurred near the middle of tank, which means the fluid have to release 
energy through internal fluid interaction to dissipate energy to achieve balance result from the 
enormous vibrational energy input. In the other words, the energy efficiency reduced due to 
nonlinear motions of fluid , thus proper damper parameters should be adopted to improve damping 
capability of TLD. 
 
Fig. 6. Maximum and mean roof response curve of TLD-SSP coupling system by shaking table test. (dashed line and 
dash-dotted line represents the natural frequency of TLD and SSP respectively). 
To further investigate certain parameters on the damper performance numerically, the 
recorded displacements of the roof plate and free surface elevations in the tank were utilized to 
validate the present numerical model. The external excitation frequencies selected were 1.6 Hz 
and 1.9 Hz, and the corresponding frequency ratio was 0.84 and 1.0 respectively. The simulation 
results including roof plate displacements and sloshing wave elevations of the coupled system 
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from the FVM/FEM solvers are compared with the experimental results in Fig. 7 and Fig. 8, 
showing a good agreement. Meanwhile, the spectral energy distribution of the structural response 
has been obtained by Fast Fourier Transform (FFT) in Fig. 9 and compared to that from the 
experiments. The small discrepancy between the two results could be caused by the high 
frequency signal of the motion simulator. It is clear that the roof plate displacements tend to be 
stable at resonance frequency with a frequency ratio of 0.84. This phenomenon is closely related 
to sloshing waves in tank, the hydrodynamic force acting on the walls is considered to be 
equivalent to a shear force in the opposite direction to the structure motion. In addition, at T = 3.9 
seconds, the wave height reaches its peak value as shown in Fig. 8, which is due to the fluid 
energy imbalance caused by the sudden excitation. The mechanism for an effective TLD is down 
to the process of absorbing and releasing energy, which take place simultaneously. As roof plate 
displacement increases gradually, the liquid in the container cannot release energy without the 
stable sloshing waves developed in time, so part of the energy is presented in the form of potential 
energy with an increased wave height. 
The nonlinearity of fluid force is closely related to the coupled vibration. Comparisons of 
free surfaces in the tank between the experimental and numerical results are presented in Fig. 10 
for the frequency ratios of 0.84 and 1.0. In the numerical results,  the free surfaces (highlighted in 
green) are represented by the volume of fraction value of 0.5. The results highlighted that the 
numerical model can accurately predict the evolution of free surface during violent sloshing, 
including large deformation of waves and local wave breaking phenomenon. It should be noted 
that the VOF method provides a smooth transition of phase volume α from 0 to 1, and the 
thickness of the transition layer depends on the density of the grids. Therefore, the height of 
splashing zone of broken waves predicted numerically was lower than experimental results, as 
shown in Fig. 10(h) for T = 5.9s.  
 
Fig. 7. Comparison of roof displacement and wave time histories when frequency ratio is 0.84 by experimental and 
numerical methods. 
 
Fig. 8. Comparison of roof displacement and wave time histories under resonance by experimental and numerical 
methods. 





















































































































Fig. 9. Spectral analysis of top motion response when frequency ratio is 0.84 and 1.0. 
 
 
Fig. 10. Comparisons of free surface in the tank by experimental and numerical method. ((a)-(d): frequency 
ratio=0.84, (e)-(h): frequency ratio=1.0). 
In addition, to ensure the numerical results to be independent of the element size, five meshes 
of different sizes for the fluid and solid domains were used for grid convergence test.  As shown 
in Table 2, the changes in the numerical results from the previous level of the meshes become 
small  when the fluid and solid size was 0.004 m and 0.006 m respectively. 
Table 2 Mesh dependence tests. 
Grid size of 
fluid 
domain(mm) 
Grid size of 
solid 
domain(mm) 
The maximum horizontal 
displacement of structure(mm) 
The maximum wave height of the 
monitoring point (mm) 
10 10 34.99 5.69% 74.38 7.17% 
 
 
8 8 36.29 2.18% 77.56 3.20% 
6 8 36.88 0.59% 79.43 0.86% 
6 6 37.02 0.22% 79.61 0.64% 
4 6 37.10 / 80.12 / 
 
5. Results and discussion 
As demonstrated in Section 4, the developed numerical model was a robust tool for 
simulating interactions between sloshing waves and structural vibration. In this section, damper 
parameters such as the mass ratio and frequency ratio are examined to evaluate the TLD damping 
performance. In the previous work [40], the mass ratio was recommended in the range of 1%-4%. 
Therefore, five mass ratio values (1%, 2%, 3%, 4% and 5%) and five frequency ratio values (0.8, 
0.9, 1.0, 1.1 and 1.2) with a total of 25 cases were adopted to investigate the damping performance 
and energy dissipation. For different frequency ratios, the width of the container was adjusted to 








                          (16) 
where 𝑀𝐹、𝑀𝑠、𝜔𝐿  and 𝜔𝑠  are the mass and natural frequency of fluid and structure, 
respectively. 
To minimize the effects of depth ratio D/L on sloshing waves and the natural frequency, the 
D/L was kept at 35% which is a medium depth ratio value. The dimensions of the TLD are 
presented in Table 3 for different frequency and mass ratios. Inevitably, the mass of tank will 
change with the different TLD dimensions, but this part of the mass is relatively small. 





D/L Mass ratio 
1% 2% 3% 4% 5% 
0.8 0.153 0.053 0.039 0.0778 0.117 0.156 0.195 35% 
0.9 0.120 0.042 0.0627 0.1254 0.188 0.251 0.313 35% 
1 0.098 0.034 0.0946 0.189 0.284 0.378 0.473 35% 
1.1 0.081 0.0283 0.139 0.278 0.418 0.557 0.696 35% 
1.2 0.068 0.0237 0.198 0.395 0.593 0.791 0.988 35% 
 
5.1 Effects of the mass and frequency ratios of TLD to SSP on structural vibration and 
energy dissipation 
It is desirable to use numerical methods because of the restricted frequency and load ranges 
of the six DOFs motion simulator. In addition, it is costly to construct a large number of different 
TLDs to obtain the desired damper parameters for the physical tests. The foundation of the SSP 
was subjected to harmonic resonance excitation, and the structural damping ratio was kept at 0.28% 
which is consistent with the experimental model. Due to the fluid-structure coupling procedure 
being iterated five times on the FSI boundary surfaces, for three-dimensional simulation, there is a 
 
 
big demand for computing power and internal memory. Therefore, all the numerical simulations 
were conducted for 15 seconds which covers about 40 motion response periods. For providing a 
fair comparison, the frequency and amplitude of the external excitation were kept constant at 2.53 
Hz and 3 mm, respectively.  
Fig. 11 shows the comparison of time histories and spectral energy distribution of roof plate 
displacements between the coupled system and bare structure for different mass ratios. It can be 
seen that there will be no significance improvement on vibration reduction when the mass ratio is 
over 3%, a positive value indicates that the system response is generally controlled while a 
negative reflects there is local increase attributes to frequency shift when mass ratio is 5%. The 
small frequency shift was caused by the changed water mass, which has been observed by other 
researchers, when the mass ratio is increased [41]. Although the natural frequency of the liquid 
was consistent to the structure, the increased total mass has reduced the natural frequency of the 
coupled system.From the spectrum distributions, the occurrence of the secondary peak at the mass 
ratio of 5% indicates that the system was mistuned and the damping performance had been 
negative affected. 
The numerical results for maximum roof plate displacement reduction for different mass 
ratios and for different frequency ratios are shown in Fig. 12. As it can be seen, there is a notable 
effect on suppressing structural vibration when the mass ratios increase from 1% to 5%, with the 
maximum reduction ratio increased from 31.83% to 79.47%. As shown by the thick fold line, the 
optimal frequency ratio of vibration absorption is moving to 0.8 with the increase of the mass ratio. 
The frequency shift can be clearly observed and, in other words, the desired natural frequencies 
will change in response to different dimensions of damper. Therefore, in the design of TLD, the 
influence of damper mass on structural resonance frequency should be taken into account in order 
to improve the damper performance. 
The Fig. 13 illustrates the dissipated energy by the dampers for the selected mass and 
frequency ratios. Considering as a whole, the structure will be affected by the external excitation 
and the hydrodynamic force in the tank. Therefore, the dissipated energy can be obtained by 
integrating the area of the hysteretic cycles developed in the hydrodynamic force versus container 
motion plane. In terms of energy, a mass ratio of 2% can maximize the energy dissipation ability 
of the sloshing absorber, and the optimal frequency ratio is kept at 1.0 for different mass ratios in 
the present study. The reason for this is that the dissipated energy is related to structural responses 
and hydrodynamic forces - although an increase of mass ratio can provide greater shear force, a 
larger total mass will reduce the amplitudes of the container. By increasing the mass ratio, phase 
difference deviated from180 degrees between shear force and top motion curves because of 
frequency shift. In other words, once the frequency shift occurs, the direction of horizontal motion 
may coincide to that of shear force during a period of vibration, which indicates the damping force 
may increase the accelerated of the structural motion. 
From this study, although a TLD with a mass ratio of 5% can still suppress the vibration of 
structure effectively, considering the frequency shift and energy dissipation, a mass ratio of 2% is 
recommended to maximize the energy dissipation characteristics of damper and avoid the negative 




Fig. 11. Time histories and spectral energy distribution comparisons of roof plate displacements between coupled 
system and bare structure. 















































































































































Fig. 12. Numerical results for maximum amplitude reduction for different mass ratios and frequency ratios. (Thick 
fold line represents the value of maximum displacement reduction under different mass ratios) 
 
Fig. 13. Dissipation energy obtained numerically for different mass and frequency ratios. 
 
5.2 Numerical prediction of sloshing waves 
Wavelet transform has been successfully applied to analyze the hydroelastic effects of 
sloshing [42] and the nonlinear damping mechanism of tuned liquid column dampers [43]. In 
order to analyze the nonlinear interactions of the TLD-SSP system, wavelet transform was adopted 
to present the frequency components of free surface elevation. 
Numerical results for time history and wavelet transform of wave elevations cloase to tank 
wall under resonance excitation are presented in Fig. 14. As is shown that the maximum wave 
elevations always appear at the third peak, and the amplitudes reduces with the increase of mass. 
As the input amplitude of the external excitation was fixed, it clearly indicates that the fluid 
velocity in the tank decreases for each case. Besides, it can be seen from the wave elevations 
betwwen T = 5 and T=15 second, the sloshing waves became mistuned when the mass ratio is 
increased. As the wave height decreases, the damping force provided by the high mass ratio on the 
 
 
same area will reduce. From the variation in the frequency components of the sloshing waves in 
time domain with different mass ratios, it can be concluded that spectral peak frequency is equal to 
the external excitation frequency since the TLD is tuned to the structure. The fluid in the tank 
absorbs energy through structural motion and at the same time release energy by shear force to 
control vibration. In the first two seconds of the system response, the sudden excitation has always 
caused the violent motion of the free surface because the energy obtained by the fluid was greater 
than the energy released. With the steady formation of sloshing waves, the energy in the fluid was 
gradually balanced. It is noted that, when the mass ratio is 4% and 5%, the frequency components 
of sloshing waves exhibited nonlinear characteristics with the evolution of sloshing process, 
wavelet ridge can be observed in low frequency domain. In other words, frequent intermittent 
loads may cause the imbalance of TLD energy absorption and release, which enhance the 
nonlinear-coupled vibration, based on which  TLDs with mass ratio of 1%-3% are recommended 
for enhancing the SSP stability.  
In Fig. 15 the spectral peak values of sloshing waves with different mass and frequency ratios 
by FFT are given, where the spectral peak frequency is 2.53 which are equal to the first resonance 
frequency of bare structure. As seen, when mass ratio is 1%, the maximum spectral peak occurred 
at the 𝜔𝐿/𝜔𝑠=1.0, which indicates the higher sloshing wave can be generated if TLD is tuned to 
the structural frequency, resulting in a better damping performance. However, the maximum of 
spectral peak gradually shifted to low frequency ratios when the mass ratio is increased. The 
reason for this is that the added mass of tank leads to the shift of the natural frequency of the 
TLD-SSP system. It weakens the shear force provided by pressure on the walls which is in 
correlation with wave height in the tank. The changes of spectral energy can also reflect the trend 
of the optimal vibration reduction fold line in Fig.13 as it moves to the low frequency ratio. 
Resonance of liquid in container will maximize energy absorbing ability and ultimately determine 
the vibration reduction effect of the damper. So the mass of TLD should be reduced as much as 
possible when designing slender TLD and adding frequency modulation baffles, in order to 
improve its ability to restrain the vibration of structures. 


















































Fig. 14. Numerical results for time history and wavelet transform of free surface elevations under resonance 
excitation. (Frequency ratio=1.0, mass ratio=1%, 2%, 3%, 4% and 5%). 
 




The performance of Tuned Liquid Damper (TLD) in suppressing the elastic supporting 
structural platform (SSP) responses under various horizontal excitations was investigated. A steel 
SSP structure with a total height of 1.01 m was constructed in order to validate a two-way coupled 
model for the simulation of nonlinear vibrations of the coupled system. The energy transmission 
mechanism in the damper is analyzed in this study and the effects of the mass and frequency ratios 
on TLD performance including structural responses and sloshing waves were evaluated through 







































































numerical experiments. Special attention has been paid to energy dissipation with different mass 
and frequency ratios, which has contributes to improve damping performance of TLD. Main 
conclusions are summarized as follows: 
(1) Structural vibration can be substantially reduced when TLD is installed on the roof plate 
(by 62.45%), and natural frequency of the structure is reduced from 2.53 Hz to 1.90 Hz. However, 
if the TLD is mistuned to the first resonance frequency, it will have a negative impact on the 
damper performance as the external excitation causes liquid resonance in the tank. Roof plate 
response is violent under the first resonance frequency and energy of the liquid will be dissipated 
through formation of vortices and wave breaking. 
(2) Through comparing with the experimental data obtained in the laboratory, it is shown that 
the two-way coupling model is a reliable tool for simulating the interactions between sloshing 
waves and structural vibration. It can not only predict the structural deformation accurately, but 
also the nonlinear violent free surface flow motion (sloshing). 
(3) It is observed that, by increasing the mass ratio from 1% to 5%, the optimal frequency 
ratio of roof plate displacement moved from 1.0 to 0.8. Although the damper with higher mass 
ratio could further suppress the structural vibration, by considering the frequency shift and energy 
dissipation, a 2% mass ratio is recommended to maximize the energy dissipation capacity of 
damper and avoid the negative effects of mistuning. 
(4) The damper absorbs energy through structural response, and at the same time dissipates 
energy by shear force to control vibration. The sudden excitation breaks the balance of energy 
absorption and production in fluids resulting in larger wave height, which will impact on the tank 
and in turn reduce structural stability, especially for a mass ratio between 3%-5%. Therefore, in 
addition to moderately increasing the frequency ratio according to the mass of TLD 𝑀𝐹, the 
optimal mass for the TLD should be less than 3% of the structural mass. 
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